Intracellular membrane trafficking requires the complex interplay of several classes of trafficking proteins. Rab proteins, the largest subfamily of the Ras superfamily of small G-proteins, are central regulators of all aspects of intracellular trafficking processes including vesicle budding and uncoating, motility, tethering and fusion. In the present paper, we discuss the discovery, evolution and characterization of the Rab GTPase family. We examine their basic functional roles, their important structural features and the regulatory proteins which mediate Rab function. We speculate on outstanding issues in the field, such as the mechanisms of Rab membrane association and the co-ordinated interplay between distinct Rab proteins. Finally, we summarize the data implicating Rab proteins in an ever increasing number of diseases.
Introduction
sharing 70% amino acid identity and showing a similar Golgi localization profile [14] . Further homology searching with Sec4 and YPT1 revealed larger numbers of ubiquitously expressed homologues in vertebrates [13] . Analysis of the genomes of S. cerevisiae, D. melanogaster and C. elegans revealed that they possess 11, 26 and 29 Rab GTPases respectively, and many of these have been shown to be orthologues of human Rab proteins [15] [16] [17] . In humans, the Rab family comprises over 60 members that are distributed widely over multiple chromosomes [15] . Many human Rabs are the products of gene duplications, as several subfamilies of Rabs have been shown to share 75-95% identity with some overlapping localizations and functions [16] . Over ten Rabs have protein isoforms (either splice isoforms or related genes) and, although all Rabs share a significant degree of sequence homology, they are typically divergent at their C-termini [16] .
The Rab cycle
Rabs function as molecular switch proteins that alternate between 'active' (GTP-bound) and 'inactive' (GDP-bound) states to turn 'on' and 'off' distinct cellular processes. The Rab cycle is facilitated by a number of accessory proteins, the first of these are REPs (Rab escort proteins) which form a chaperone complex with newly synthesized Rabs and present them to a GGTase (geranylgeranyltransferase) for posttranslational prenylation. Thus the GGTase catalyses the covalent linkage of the geranylgeranyl groups to C-terminal cysteine residues in the Rab protein [18] . This modification facilitates the insertion of the Rab into its target membrane [18] . When the Rab protein is associated with its target membrane, exchange of GDP for GTP occurs which is stimulated by the action of a GEF (guanine-nucleotideexchange factor), an accessory protein that recognizes specific residues in the switch regions of Rabs to facilitate GDP release [3] . Once the Rab is GTP-bound, it assumes its 'active' conformation in which it can interact with one or a number of effector proteins to mediate its downstream biological function [3] . The trafficking event is terminated when the Rab catalyses hydrolysis of the GTP, a process stimulated by a second accessory molecule known as a GAP (GTPaseactivating protein) [3]. This is followed by the binding of another chaperone protein, termed a GDI (guaninenucleotide-dissociation inhibitor) which extracts the Rab from the membrane and also stabilizes the GDP-bound Rab in the cytosol awaiting further rounds of membrane insertion/extraction.
Mechanisms of Rab function
Rabs have been linked to a number of membrane trafficking events including vesicle budding and uncoating, motility, tethering and fusion. Mechanistically, Rabs can be involved in the recruitment of coat proteins to distinct intracellular membranes. In this respect, they can facilitate the assembly of coat components on distinct intracellular membranes [19] ( Figure 1A) . Conversely, Rabs and their interacting proteins may also function in the shedding of coat proteins that is required for membrane fusion ( Figure 1B ). For example, Rab5 and its GAP, GAPVD1, are believed to serve a role in the shedding of the clathrin coat for early endosome/SE (sorting endosome) fusion events [20] . A significant body of data also points to a role for Rab proteins functioning in vesicle motility [21] . This is usually accomplished via the recruitment of motor proteins that facilitate the movement of the Rab-tethered vesicle along the actin and/or microtubule cytoskeleton ( Figure 1C) . A good example of this is Rab11, which can separately recruit myosin Vb and cytoplasmic dynein via its effectors FIP (Rab11 family-interacting protein) 2 and FIP3 respectively [22] [23] [24] . Another important function played by Rabs is in the tethering of vesicles to their target membrane before vesicle fusion ( Figure 1D ). For instance, Rab1 is known to interact with several members of a family of coiledcoil Golgi proteins known as the golgins. The interaction of Rab1 with golgins such as GM130 (cis-Golgi matrix protein of 130 kDa) and p115 is believed to facilitate the tethering of vesicles derived from the ER and ERGIC (endoplasmic recticulum-Golgi intermediate compartment) at the cis-Golgi [25, 26] . Finally, Rabs are also implicated in the fusion of two distinct membranes. This is accomplished through direct or indirect regulation of SNARE (soluble Nethylmaleimide-sensitive fusion protein-attachment protein receptor) proteins ( Figure 1E ). For example, Rab5 through its effector EEA1 (early endosome antigen 1) can regulate the function of the SNARE protein syntaxin-6 [27] .
Structural features of the Rab family
Rabs are closely related to other small G-proteins of the Ras superfamily in their overall structural core fold [28] . The defining feature of the Ras superfamily is the ability to bind and hydrolyse GTP, and although some variation exists been family members, the general structure of this region is relatively conserved [28] . Each Rab contains a six-stranded β-sheet with five parallel strands and one antiparallel strand which is flanked by five α-helices [28] . Rabs contain two switch regions termed switch I and switch II. These switch regions are the only elements of the protein which change conformation depending on the nucleotidebound status of the Rab. The switch I and switch II, along with the area between these two regions, termed the interswitch region, typically form the structural basis for Rab-effector interactions [28] . Although switch I, switch II and the interswitch regions are conserved across small G-protein subfamilies, differences exist which allow for the distinction to be made between Rabs and other Ras superfamily members. In this regard, Rab-specific sequences that are clustered around the switch I and switch II regions (RabF1-RabF5) distinguish a Rab protein from the other members of the Ras superfamily [29] .
GEFs
A key requirement of Rab function is their site-specific activation by GEFs. GEFs function to stimulate guanine nucleotide exchange, facilitating the release of GDP and the binding of cytosolic GTP with resultant activation of the Rab. GEFs are often defined by the presence of a DENN (differentially expressed in normal and neoplastic cells) domain [30] . In humans, this family comprised seven subgroupings and recent work has suggested that these proteins are likely to function more specifically than GAPs, displaying Rab-specific activity [30, 31] .
Rab effectors
The functions controlled by Rabs are mediated by a diverse collection of effector molecules that bind to specific Rabs in their GTP-bound state. Most Rab effectors have been identified through proteomic screens using a Rab mutant that is locked in its GTP-bound form [32] . As such, 'fishing' with these mutant Rabs has allowed the specific capture of 
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Golgi Unknown X-linked mental retardation [42, 152] proteins that preferentially interact with the GTP-bound 'activated' form of the Rab protein. Rabs can function via more than one effector; for example, over 20 distinct proteins interact with the GTP-bound form of Rab5 [33, 34] . This multiplicity of effectors can allow a single Rab to perform a number of distinct cellular processes. In essence, the effector which interacts with the Rab dictates the specific downstream function of that Rab; and consequently, a single Rab can control different trafficking events. Although each Rab is believed to interact with a specific subset of effectors, there is emerging evidence that some effectors can interact with two or more Rabs, either at distinct or overlapping sites. An example of this is the fact that a subset of Rab11 effectors, the class I FIPs, which can also interact with Rab14 [35] . The purpose of these types of interactions may be to underpin sequential Rab trafficking steps. Alternatively, it may be important in defining competing trafficking events involving different Rab proteins.
GAPs
Another set of regulatory proteins are involved in the inactivation of the Rab protein. Since Rabs are relatively poor enzymes, they require stimulation by accessory proteins, known as GAPs, to stimulate their intrinsic GTPase activity. This leads to the hydrolysis of the terminal γ -phosphate of GTP with the Rab returning to its inactive GDP-bound state. Many GAPs contain a conserved protein domain known as a TBC (Tre-2/Cdc16/Bub2) domain [30] . In humans, the TBC family contains over 40 members which function in catalysing nucleotide hydrolysis via an arginine 'dual-finger' mechanism [36] . It is thought that these regulate the GAP activity of all Rab proteins with some TBC domain-containing proteins displaying activity on a number of different Rabs [37, 38] .
Membrane targeting of Rab proteins
Among the most interesting features of the Rab family are the diverse localization patterns and the variety of intracellular trafficking processes that they regulate. Despite the relatively high degree of sequence homology between different Rab family members and their often ubiquitous tissue expression profiles, Rabs are known to display amazingly distinctive subcellular distributions, being localized to the cytoplasmic face of practically all known subcellular membranes of the endocytic and biosynthetic pathway [3] . Rabs associate with their target membrane via their Ctermini. The C-termini of Rabs differ in length from 27 to 43 residues and their extreme C-termini contain a cysteinemotif box, which often allows distinction of Rab proteins from other small GTPases [15] . The cysteine motif can exist as several forms (CXXX, CXC, CC, CCXX or CCXXX; where X is any other amino acid) [16] . As discussed, these cysteine residues are geranlygeranlyated by a GGTase and this fatty moiety embeds the Rab protein into the lipid bilayer.
The exact mechanism by which Rabs are targeted to specific membranes remains to be fully clarified. Initially, it was believed that the C-terminal variable region was the key element determining Rab membrane-binding specificity [39] . Specifically, it was proposed that the C-terminal Rab region would determine the association of Rab proteins with a particular membrane via a protein receptor, localized on the relevant organelle/vesicle. However, little evidence in the form of 'Rab-receptors' has been uncovered in the last couple of decades to support this model. In recent years, the issue has come into focus again, first with evidence indicating that multiple Rab protein regions (SF/F) contribute to their membrane targeting [40] ; and more recently as a result of studies on intracellular pathogen proteins (such as Legionella) which display nucleotide-exchange activity for Rabs and leads to Rab membrane recruitment.
Thus the question of how Rab proteins are specifically targeted to membranes is still somewhat open and subject to debate. A combination of the various proposed models may resolve the issue. It is clear that Rab lipid modification (geranlygeranylation) provides the correct chemistry for Rabs to associate with/embed in the lipid bilayer. It looks increasingly convincing that GEFs are indeed crucial and linked with Rab membrane targeting. In addition, the Cterminal variable and SF/F regions probably contribute significantly to the Rab specificity for binding a particular membrane and a protein/lipid microenvironment probably provides the membrane specificity. Regarding the membrane receptor aspect, given the dearth of evidence regarding individual protein receptors for specific Rabs, it is tempting to speculate that a complex of proteins, on the cytosolic side of lipid bilayer, may be necessary to generate a binding structure for individual Rab proteins, and this in combination with GEF activity might assure appropriate and specific Rab membrane association.
Co-ordination of Rab function
Membrane trafficking typically involves the transit of cargo molecules through several intracellular compartments. This can involve several distinct membrane trafficking steps and transport via several different Rab-containing membranes. It is thought that some Rabs may function in a stepwise manner during distinct trafficking steps on a pathway. In this manner, one Rab 'hands over' to a second Rab on the same pathway for the continuation of a trafficking process. A typical example of the co-ordination of Rab function occurs in a Rab GEF/GAP cascade ( Figure 2 ). In this process, the first Rab in the sequence would recruit the GEF for the second Rab in the sequence; the second Rab, once active, recruits a GAP to inactivate the first Rab. Thus at least some Rabs are activated and deactivated in a sequential manner. Indeed, some evidence also exists that an effector for one Rab may serve a different function on another Rab. This has been proposed in the coordination of Rab8 and Rab11 trafficking during primary ciliogenesis where Rabin8, a Rab8 GEF, is proposed to function as a Rab11 effector [41] . Co-ordination of Rab function is the mostly likely explanation for the localization of multiple Rabs to distinct microdomains on the same intracellular compartment and may also account for the ability of some GAPs/effectors/GEFs to bind numerous Rabs.
Rabs in disease
Given the fundamental role served by Rab proteins in intracellular membrane trafficking processes, it is not surprising that their dysfunction, and that of the proteins which regulate their activity, as well as their downstream effectors, have been implicated in the cellular basis of an ever-increasing assortment of physiological disorders. Space limitations preclude a comprehensive discussion of the involvement of the Rabs and their interactors in human diseases, but many of these disorders fall into the disease categories such as cancers (e.g. Rab21 and Rab25), neurological disorders (e.g. Rab6 and Rab7) and intracellular infections (e.g. Rab1 and Rab11) ( Table 1 summarizes the  involvement of Rabs in disease, and Table 2 outlines currently available information on the involvement of their regulators and effectors in disease). 
Conclusion
Since their initial discovery in the late 1980s, the mammalian Rab proteins have emerged as crucially important regulators of eukaryotic intracellular membrane trafficking. Indeed, Rab function has been linked to practically all aspects of membrane trafficking events and they have now been implicated in a large range of diseases from cancer to bacterial and viral infections. The challenge now remains to elucidate the full repertoire of Rab-interacting machinery, including uncovering how the interplay both between different Rabs and between Rabs and other membrane trafficking proteins is co-ordinated and regulated and to describe further the role played by individual Rabs in disease pathogenesis.
